Introduction
Diabetes triples the risk for atherosclerosis, including coronary disease, carotid disease, and peripheral artery disease. A hallmark of diabetes is that arterial disease is diffuse, affecting not only large and medium-sized arteries, such as the epicardial coronary arteries, but also smaller vessels, such as those of the foot, with limited options for limb salvage in advanced stages. Severe diabetic limb disease includes critical limb ischemia (CLI) due to infrapopliteal disease with foot pain and ischemic ulcerations, including gangrene. CLI may progress to amputation, the patients' most feared complication of diabetes. In 2015, there were 30.3 million patients with diabetes in the US, including 25.2% of people ages 65 or older and 108,000 hospitalizations for non-traumatic amputations [1] [2] . Therefore, there is an abundant residual risk as a therapeutic target.
Environmentally acquired toxic metals, such as lead and cadmium, have been associated with cardiovascular disease [3] [4] [5] . Urine cadmium, in particular, has been associated with peripheral artery disease (PAD) and increases in parallel with the severity of PAD [4, 6] . Case series in the past have suggested that edetate disodium infusion may improve PAD while small clinical trials have been less positive [7] [8] [9] . A randomized clinical trial of a potent lead and cadmium chelator in 1708 post-myocardial infarction (MI) patients reported a reduction in clinical events, most marked in patients with diabetes [10] [11] . Thus, we designed the present unblinded pilot study to determine whether there was a signal of benefit for edetate disodium infusions in patients with CLI, expecting results that would either encourage further study or move us to abandon this treatment strategy for PAD.
Materials And Methods

Methods
This was an open-label pilot study in 10 patients with CLI. Each patient received up to 50 edetate disodium-based infusions and was assessed for safety, clinical efficacy, metal excretion, and quality of life. A case report was previously reported on patient 004 [12] .
Study population
Patients were ≥ 50 years of age, with diabetes, and with a diagnosis of moderate or severe infrapopliteal chronic critical limb ischemia (Rutherford Clinical Severity Score 4 or 5). Exclusion criteria were women of childbearing potential, arterial insufficiency, or ulcer in the lower extremity as a result of non-atherosclerotic disease, active osteomyelitis, or deep ulceration exposing bone or tendon in the extremity, serum creatinine > 2.0 mg/dL, platelet count < 100,000/mm 3 , allergy to any study drug, symptomatic evidence of heart failure, active cigarette smoking within the last three months, abnormal liver function tests, medical condition likely to affect patient survival within four years, diseases of copper, iron, or calcium metabolism or > 5 infusions of intravenous chelation within the preceding year. The study enrolled 10 patients at our institution. The institutional review board reviewed and approved the study, and the patients provided written informed consent. The study was performed under FDA IND (67743).
Study treatment
Patients received the previously described edetate disodium-based treatment [13] . Infusions were administered through a peripheral intravenous line over three hours. Infusions contained 3 g of edetate disodium adjusted downward based on creatinine clearance, 2 g of magnesium chloride, 100 mg of procaine HCL, 2500 U of unfractionated heparin, 7 g of ascorbate, 2 mEq of KCL, 840 mg of sodium bicarbonate, 250 mg of pantothenic acid, 100 mg of thiamine, 100 mg of pyridoxine, in a volume of 500 mL. The solution was administered twice weekly for the first 20 infusions and once weekly for infusions 21 to 40. Formal study endpoints were collected at infusion 40. If the study staff thought there was an improvement, monthly infusions for an additional 10 months were offered, totaling 50 infusions in responders. All patients also received a multivitamin preparation.
Follow-up
Patients were seen at baseline and after each infusion visit. Follow-up was at one year or until the completion of 50 infusions. Patient follow-up continued without censoring if a nonfatal endpoint occurred. Noninvasive blood flow assessments were performed at baseline and completion of 20 and 40 infusions.
Endpoints
Primary Endpoints
The primary efficacy endpoint was a change in vascular flow parameters. The primary safety endpoints were renal function from baseline to infusion 40, symptomatic hypocalcemia or hypoglycemia within eight hours of each infusion, or Class 4 heart failure within 24 hours of an infusion.
Secondary Endpoints
Secondary efficacy endpoints consisted of a physical change in wound severity, disease-specific quality of life (the PAD Questionnaire), generic, health-related quality of life (SF-36), and urine metal levels pre and post-infusion.
A major secondary endpoint consisted of amputations during the infusion phase. Major amputations were defined as any procedure that resulted at a level above the ankle [14] . Health Insurance Portability and Accountability Act of 1996 (HIPAA)-compliant pictures of patients' feet were taken at baseline and following infusions 20 and 40. All images were done in a dedicated room, with the same camera, lighting, and by the same operator. Pictures are presented as is with no alterations or edits.
Skin Perfusion Pressure
The skin perfusion pressure (Sensilase® Eden Prairie, MN) for each foot was calculated from the segmental skin perfusion pressures obtained in the medial plantar, lateral plantar, and dorsal foot areas. The "target" vascular bed was defined as the plantar segment with the lowest perfusion pressure in the affected foot at the time of initial evaluation.
Peripheral Artery Disease Questionnaire and SF-36
The PAD Questionnaire is a validated, disease-specific instrument to assess the impact of PAD. Each item in the PAD Questionnaire is mapped into individual domains [15] . A lesser score indicates more physical limitation, more symptoms, lower treatment satisfaction, and worse disease-specific quality of life.
The Medical Outcomes Study Short Form 36 Item Questionnaire (SF-36) is a generic, health-related, quality of life instrument that assesses physical and emotional limitations, general health perceptions, bodily pain, social function, and changes in health status [16] . A lower score indicates less favorable health or worse function. The general health provides an average of all items in the survey.
Urine Metals
Urine metals were collected at baseline pre and post-infusion 1, 20, and 40. The urine samples were analyzed for trace elements using an Inductively Coupled Plasma-Mass Spectrometer (ICP-MS; Doctor's Data, St. Charles, IL). Urine metals are reported as micrograms of metal per gram of creatinine to control for urine concentration.
Statistical analysis
Baseline characteristics are summarized using percentages for categorical variables and mean and standard deviation (SD) for continuous variables. Urine metals were summarized using means and 95% confidence intervals at baseline, infusion 20, and infusion 40. The quality of life scores obtained from the PAD and SF-36 Questionnaires and skin perfusion pressures are reported using median and interquartile ranges. Three subjects did not complete the 40 planned infusions. Thus, analyses of urine metal concentrations, feet skin perfusion pressures, and quality of life at infusions 20 and 40 included only seven participants. The non-parametric Friedman test was used to compare skin perfusion pressures at baseline and follow-up and to compare quality of life scores from the PAD and SF-36 Questionnaires at baseline, infusions 20 and 40 [17] . All statistical analyses were performed using SAS software, version 9.4 (SAS Institute Inc., Cary, NC).
Results
Baseline characteristics
We enrolled 10 (60% male) predominantly Caucasian (90%) subjects. Mean age was 75.3 (8.0) years. Previous smoking was reported by 30%. There were 70% with coronary artery disease (30% had prior coronary arterial bypass grafting), and 50% had a prior lower-extremity amputation, three having previous minor amputations, and two major amputations. All patients had a history of leg revascularization procedures. At the time of enrollment, 70% had non-healing ulcers and/or dry gangrene. All patients had ischemic limb pain at rest. Six patients had Rutherford 5 CLI severity. Six patients (60%) were categorized as stage 4 (high risk for amputation) based on the Society for Vascular Surgery wound, ischemia, and foot infection (WIfI) index ( Table 1 ) [18] . See Figure 1 for baseline images.
Variables (n=10)
Demographics Age 76 ± 9
Sex, female 4 (40%) 
Urine metals
All patients had urine metals measured before and after infusion 1. Urine metals were collected in seven patients at infusions 20 and 40. Urine metals increased after a single infusion of edetate disodium ( Table 2 ). All patients had cadmium and lead detected in their baseline, preinfusion urine. Baseline levels of urine cadmium increased by an average of 292% after the initial infusion (pre and post-infusion levels (Mean (95% CI): 0.65 μg of metal per g creatinine (0.51, 0.79) and 3.57 μg of metal per g creatinine (2.28, 4.86)), respectively, P<0.001). Baseline urine lead increased by an average of 3733% (pre and post-infusion (Mean (95%CI): 0.60 μg of metal per g creatinine (0.31, 0.89) and 23 μg of metal per g creatinine (11.53, 34.47), respectively, P<0.001) after the first edetate disodium infusion. Excretion of toxic metals was maintained throughout the 40 infusions of edetate disodium ( Table 2 ). There was a reduction of pre-chelation urine lead of 73% and post-chelation of 68%, at baseline compared to infusion 40 (P<0.01). There were no statistically significant changes in urinary cadmium during follow-up. 
Compliance with the study regimen
The median number of infusions completed was 40. Of the 10 subjects, three completed <20 infusions (3, 11, and 19 infusions), and seven participants completed 40 infusions or more (3 completed 40 and 4 completed 50). One subject (004) sought out and received additional, outof-protocol weekly infusions delivered by a local practitioner on the "off weeks" during the 10 monthly infusion period (study infusion 41-50, after final measurements and quality of life surveys). By the time he had received his 50th study infusion, he had received an additional 25 infusions. 
Safety of the intervention
Cardiovascular endpoints
There were no major adverse cardiovascular events during the infusion phase through the oneyear follow-up; nor in those patients receiving 50 infusions in extended follow-up ( Table 3) . There were seven patients with wounds (non-healing ulcers of gangrene) at the start of the study. Major cardiovascular endpoints were defined as death from any cause, myocardial infarction, coronary revascularization, or stroke.
Limb endpoints
Amputations
Amputations occurred only in the three subjects who were unable to complete the 40 planned edetate disodium-based infusions. These consisted of two major (participants 5 and 7, at infusions 3 and 11) and one minor (participant 8 at infusion 19) amputations. Patient 5 had intractable rest pain unresponsive to medications and underwent urgent amputation after infusion three. Patient 7 had dry gangrene involving three toes proximal to the metatarsal joint. He was hospitalized after 11 infusions, with advancement of his disease, resulting in an abovethe-knee amputation of the affected extremity. Patient 8 was unable to continue the protocol due to psychiatric and social issues and had a minor amputation of the affected hallux after 19 infusions. These patients subsequently dropped out of the study, so infusion 20 and 40 data cannot be reported. The demographic and clinical characteristics of patients that had amputations compared with those that did not are shown in 
Continuous values mean (std). Baseline metals mean (CI).
No major or minor amputations occurred in the seven patients that completed >20 edetate disodium edetate-based infusions during the 40 infusions period. One patient (01) underwent two revascularizations at infusions 41 and 49.
Wound healing
Five of the seven patients that completed 40 infusions had ulcers or gangrene at enrollment. There were no changes in wound care or secondary prevention before enrollment compared to during the study treatment. In all those patients, ulcers and dry gangrene completely resolved (Figures 2-3 ) [12] . There were no new active wound infections during the infusion phase.
FIGURE 3: Post-edetate disodium-based chelation
Complete resolution of dry gangrene after edetate disodium-based therapy (top baseline, bottom infusion 48)
Quality of life
Quality of life measured by the SF-36 and PAD disease-specific instruments demonstrated improvements in all categories [15] [16] . The analyses include only those seven patients that completed 40 infusions (Figure 4 ). 
Outcomes and clinical characteristics of patients that completed 40 vs 20 infusions
In a non-prespecified, data-derived analysis, we compared patients that completed 40 infusions with the patients undergoing < 20 infusions. were reduced in those receiving < 20 as compared to those who had ≥ 40 infusions. In the three patients who were not able to complete the 40 planned edetate disodium infusions, two major and one minor amputation occurred as compared to no major or minor amputations in the seven patients completing all infusions. There was no difference in major adverse cardiovascular events between groups (total of 0). See Figure 5 for the baseline values obtained by the SF-36 and PAD Questionnaires. 
Discussion
Clinical studies of edetate disodium chelation to treat PAD have shown mixed results. Case series reported in the distant past are supportive [20] . Small clinical trials reported more recently, but still decades ago, were too small to detect clinical outcome benefits. Softer endpoints, such as ankle-brachial pressure index, walking distance, or pain-free walking were not improved. A Cochrane analysis in 2002 found there was not enough evidence to decide the effectiveness or ineffectiveness of chelation therapy [21] . Our review of this literature is that edetate disodium therapy of PAD is in equipoise, with similar quantities of flawed data falling on either side of the question. On the other hand, a 10-year National Institutes of Healthfunded clinical trial, TACT, reported a reduction in cardiovascular events in 1708 post MI patients receiving over 55,000 active or placebo edetate infusions, with large effect size in those with diabetes [10] [11] . In a non-prespecified analysis of TACT patients with MI, diabetes, and PAD, we reported a relative reduction of combined cardiovascular events of 48% (p=0.0069) [22] .
In view of the indirectly favorable evidence for a treatment effect in PAD from TACT and selected case reports, we sought a signal of benefit for edetate disodium chelation to define whether additional research should be performed. In this 10-patient unblinded pilot study, the seven subjects successfully completing at least 40 edetate disodium-based infusions demonstrated enhanced wound healing and avoided amputation. Quality of life, measured with the SF-36 and the PAD instrument, including pain, physical, and social limitations, markedly improved [15] [16] . Furthermore, no major adverse cardiovascular event or treatment-related adverse events were encountered.
Robust epidemiological evidence supports the association of toxic metals with PAD. A population-based cohort study of the National Health and Nutrition Examination Survey (NHANES) data suggest that low-level environmental lead exposure is an important risk factor for cardiovascular disease [23] . Tellez-Plaza et al. demonstrated an association of urine cadmium with PAD [4] . A meta-analysis by Chowdhury et al., encompassing over 300,000 patients, recently reported that lead and cadmium are cardiovascular risk factors with a doseresponse relationship [24] . An environment-wide association analysis by Zhuang et al., in 2018, analyzed the NHANES data for predictors of PAD [25] . Cadmium was one out of only four independently predictive variables. These observations, along with favorable outcome data from TACT, including in patients with PAD, suggest that toxic metals may be novel modifiable risk factors for PAD [6, 22] .
Edetate disodium is an artificial amino acid first synthesized in 1938 and has been in use for the treatment of vascular disease for over 60 years, without, until recently, high-quality evidence in its favor. It is a potent chelator of divalent cations, including vasculotoxic metals, such as lead and cadmium, as well as calcium. Lead and cadmium are widely found in our environment and taken in by humans through food, water, and air [3] . Recent analyses of patients with coronary artery disease have demonstrated that the presence of urine cadmium is highest in patients with CLI, perhaps indirectly supporting the importance of decreasing total body stores of toxic metals [6] .
We have proposed that the increased excretion of vasculotoxic metals, such as cadmium and lead, through treatment with edetate disodium-based chelation, may lead to stabilization of diffuse small vessel and microvascular disease, as is typically found in diabetes [26] . In this small cohort, as in a larger cohort [27] , a marked increase in urinary excretion of lead and cadmium was observed. Chelation was associated with a ~70% reduction in pre-and postchelation lead values. There is some evidence suggesting that provoked or post-chelation urine lead is associated with the total body lead burden. This might suggest that the study treatment reduces body stores [28] . In contrast, chelation was not associated with a significant reduction of spontaneous or provoked urinary cadmium during follow-up, suggesting no overall reduction in body stores. Alternatively, edetate disodium chelation may remove cadmium from selective body compartments (e.g. vascular), which we are unable to quantify.
Skin perfusion pressures lower than 40 mmHg signal severe ischemia and reduced chances of spontaneous or post-surgical healing in CLI patients [29] . In the present study, the median skin perfusion pressure in the target vascular bed of the affected foot was severely reduced (22 mmHg), and the median perfusion pressures of both the affected and the contralateral feet were very abnormal (41 and 50 mmHg, respectively). There are no longitudinal studies evaluating changes in skin perfusion pressures over time, and it is assumed that flow measures would decrease over time in parallel with worsening clinical status. In the present study, there was a non-significant trend toward the improvement of flow in the target vascular beds in those individuals who completed all the infusions. Moreover, the overall perfusion pressures in the affected or contralateral feet remained relatively stable during follow-up. Unfortunately, the design and small sample size of this pilot study lacked statistical power to draw definite conclusions on the effect of chelation therapy on vascular flow. Toxic metals may lead to endothelial dysfunction by decreasing nitric oxide production and increasing oxidative stress, leading to vasoconstriction and increased basal tone in the microcirculation [30] . An alternate hypothesis not involving toxic metals is that the infusions simply decalcify advanced atherosclerotic lesions. Edetate disodium is an efficient calcium chelator and was originally FDA-approved for the treatment of hypercalcemia. Ongoing studies, such as TACT2 and TACT3a, will help further explain the interaction of toxic metal chelation, calcified plaque, and vascular outcomes.
This study has many limitations, and one must be wary of inferring unsupported conclusions. This is a small non-randomized pilot study and the results, although promising, could be due to play of chance. The healing rates in 'no option' CLI patients treated with placebo in clinical trials range between 10% and 50%. Although unlikely, the responses we observed could have been spontaneous remission of the disease. Skin healing was evident in patients with dry gangrene or non-healing ulcers, but the study does not give us a clear signal as to mechanism. There was a mild signal of improved perfusion in the affected vascular beds but no evidence of improvement or deterioration in overall skin perfusion pressure. This may simply be due to a lack of power to detect small changes in the microcirculation, technical issues with the measurements, or other unknown physiological factors. Lastly, it is possible that non-vascular/flow-related mechanisms, such as metabolic changes provoked by other ingredients in the infusion (i.e. 7 gms ascorbic acid), could also account for some or all of the benefit.
Conclusions
This pilot study must be interpreted cautiously. It met its goal of providing a signal of benefit and preliminary evidence of safety in this population. TACT3a, a randomized doubleblind, placebo-controlled clinical trial, will further test the effects of edetate disodium-based chelation in patients with diabetes and critical limb ischemia.
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